Knowing more precisely the cambial phenology and wood formation dynamics of trees can lead to a better understanding on how trees react to short-term changes in environmental conditions. Such an understanding could also shed light on the physiological foundation of climate-growth interactions at a regional scale. Although it has been documented that temperature is an important factor determining the cambial phenology in cold and humid climates, there is less agreement on the driver(s) that trigger the onset and end of wood formation in cold and arid climates. Here, the phenological traits of cambial activity and xylem formation were analyzed biweekly along an altitudinal transect ranging from 3580 to 3980 m above sea level, a transect that covers the distribution of Qilian juniper (Juniperus przewalskii Kom.) along a slope of the Tibetan Plateau. Cambial phenology and the duration and rate of wood formation were assessed from anatomical observations during the growing season of the developing xylem obtained from microcores collected from the stem of 10 trees total in 2012 (five at two altitudes each) and 25 trees (five at five altitudes each) in 2013. We found that the onset of wood formation was significantly correlated with altitude in 2013, with onset beginning 8.2 days earlier with every 100 m decrease in elevation. The change in onset with elevation corresponds to a change of 14.1 days°C -1 when adjusted for the monitored altitudinal lapse rate of −0.58°C per 100 m. The duration of wood formation lasted from mid-May to mid-August, with the length of the 2013 growing season decreasing from 97 to 65 days from low to high elevation. Although the end of growing season appeared minimally related to altitude during both growing seasons, differences in end of wood production and wood formation between the two growing seasons were significant. It appears that summer drought conditions constricted the end of growing season across all elevations along our transect in 2013. Sensitivity analysis found xylem growth was positively correlated with rate and duration of wood production, with the former explaining most variability in growth. Our findings provide new data on the timing and duration of wood formation and help quantify the potential impacts of global warming on tree growth and productivity in cold and arid regions.
Introduction
Trees are sensitive to changes in the environment (Körner 2006 , McDowell et al. 2008 . Given the anticipated change in climate over the coming decades, investigating tree growth and its response to climate variability is needed for the conservation of forests and the ecosystem services they provide to society (Walther et al. 2002 , Lindner et al. 2010 . Climatic variation impacts trees over the short-and long-term and appears to be a significant factor in cambial phenology and wood formation (Camarero et al. 2010 , Rossi et al. 2014 . Phenology is a dynamic and sensitive biological process that varies with tree species (Gruber et al. 2013 , Antonucci et al. 2015 , age , Li et al. 2013 , tree size (Mencuccini et al. 2005 , Rathgeber et al. 2011 , altitude (Moser et al. 2010 ) and latitude (Rossi et al. 2014) . Investigating how these factors influence the cambial phenology and xylem formation is crucial for understanding the tree's reaction to short-term changes in environmental conditions. Importantly, it will shed light on the physiological foundation of climate-growth interactions.
The cambial phenology of trees is of considerable interest in studying their physiology (Rossi et al. 2016) . Temperature is known to be an important factor determining the beginning of the growing season in cold regions (Körner 2006) . The most common hypothesis for the onset of wood formation is that, irrespective of photoassimilate abundance, low temperatures limit the production of new cells by meristems (Körner 1998 , Piper et al. 2005 , Alvarez-Uria and Körner 2007 . This hypothesis was supported by studies carried out in both humid (e.g., Rossi et al. 2011 Rossi et al. , 2014 and dry conditions (e.g., Camarero et al. 2010 , Moser et al. 2010 . However, a different result was reported by Ren et al. (2015) , where precipitation was found to play a critical role on the onset of wood formation in Juniperus przewalskii Kom. in the cold and arid northeastern portion of the Tibetan Plateau. Therefore, it seems there is still a great need to build a stronger consensus regarding the onset of wood formation in response to climate in cold and arid regions.
There is still little agreement over what influences the end of wood formation. Rossi et al. (2016) studied the variability in cambial phenology of conifer species over three continents and a range of ecosystems and found that the end of wood formation was linearly related to the mean annual temperature. In contrast, some studies report differences within the same tree species over altitudinal (Moser et al. 2010) , latitudinal (Rossi et al. 2014 ) and temporal gradients . For example, altitudinal location had little influence on the ending of the growing season of Larix decidua Mill. in the Swiss Alps (Moser et al. 2010) . The end of tracheid enlargement in Picea mariana [B.S.P.] Mill. in Canada was found to have a nonlinear relationship with growing season temperature (Rossi et al. 2014) . Additionally, although significant differences in the timing of growth initiation of Pinus leucodermis Ant. were observed in 2003 and 2004, the timing of growth cessation did not differ between the 2 years . Meanwhile, an experiment by Eilmann et al. (2011) found that irrigated trees finished wood formation later than control trees, suggesting that water availability plays an essential role on the end of wood formation. Taken together, these studies indicate significant variation and much uncertainty regarding the end of wood formation.
Studying phenology over an altitudinal gradient is valuable because air temperatures change with altitude and topography over short distances (Körner 2007) . This kind of approach can provide an efficient way to assess the mechanism of radial growth of trees in response to future climate warming (Fukami and Wardle 2005, Mäkelä 2013 ). For example, Moser et al. (2010) found that the onset of the growing seasons changed by 3-4 days over a 100 m change in elevation, which, if adjusted by the monitored altitudinal lapse rate of −0.5°C per 100 m in the central Swiss Alps, represents a lengthening of the growing season by~7 days per degree Celsius. Many altitudinal studies have been conducted, but only a small number of studies investigating the cambial phenology and xylem formation in response to climate change have been conducted in cold and arid regions. It is not evident that results from prior studies can be transferred to cold and arid regions.
The study of cambial phenology on the Northeastern Tibetan Plateau (NETP) can provide insight on the impact of climatic change on trees in a cold and arid environment. Climatological research of the NETP suggests it is one of the most sensitive areas to global change. Since the 1950s, for example, mean annual temperature has increased 0.16°C per decade while mean winter temperature increased 0.32°C per decade over that same period (Liu and Chen 2000) . One of more important trees on the NETP is J. przewalskii. Based on its great longevity, drought and cold tolerance, and ubiquitous nature, J. przewalskii has been used to reconstruct centuries and millennia of past precipitation, temperature and moisture availability (Zhang et al. 2003 , Sheppard et al. 2004 , Shao et al. 2010 , Yang et al. 2011 , Deng et al. 2013 , Gou et al. 2015a ). However, monitoring of its cambial phenology has only been carried out by a few studies located at one site or with a few trees (e.g., Ren et al. 2015 , He et al. 2016 . As a result, there is still little agreement on the driver(s) that trigger cambial phenology and wood formation dynamics of this tree species over the NETP. Because J. przewalskii is found at both low and high altitudes, an investigation of cambial phenology and wood formation dynamics over elevation in the NETP can give insight a potentially more spatially representative impact of future climatic change.
Our primary goal is to investigate the cambial phenology and wood formation dynamics of J. przewalskii along an altitudinal transect to better understand the role of climate in these processes. Xylogenesis of five trees each at two elevations in 2012 and five trees each at five elevations in 2013 was monitored biweekly in the NETP. The cold and arid climatic conditions on the NETP and prior research on the cambial phenology led us to two hypotheses. First, altitude-associated temperature is the main trigger influencing the cambial phenology, leading to later growing season initiation and shorter growing season duration as altitude increases. Second, drought conditions result in lower growth rates and reduced wood production.
Materials and methods

Study area
Our study area is located in the mountains along the northeastern edge of the Qaidam Basin on the NETP in northwestern China (Figure 1 ). The region's climate is primarily controlled by the Northern Hemisphere westerlies and the Asian monsoon. Due to its interior location, the climate is typically dry-continental, with
Tree Physiology Online at http://www.treephys.oxfordjournals.org relatively wet summers and dry winters. Vegetation in our study area is described as a desert steppe with various desert and grassland plants as the dominant species (Zheng 1996) . Juniperus przewalskii is primarily distributed on dry, infertile and sunny slopes between 3500 m and 4000 m above sea level (a.s.l.) in the study region. Since the forest is very sparse (less than 10% of canopy coverage), individual trees have minimally interactions with neighboring canopies. Most trees here range from 7 to 12 m in height and 20-45 cm in diameter at the breast height (DBH). We established study plots along a main valley of the mountains between 3580 m and 3980 m a.s.l. at five 100 m interval between plots in a J. przewalskii forest (37°30′ N, 97°20′ E; Figure 1 and Table 1 ). The plot at 3980 m is generally considered to be the upper distribution limit of the species in this area while the lowest plot (3580 m) is located on the middle of the slope and close to the lower boundary of the forest (Figure 1 ).
Climate data
The nearest meteorological station to our altitudinal transects is Delingha, which is approximately a linear distance of 10 km from our study area. Daily precipitation and air temperature from the Delingha station were used to describe growing season climate. From 1958 to 2015, average total annual precipitation at Delingha was 174.1 mm, mean annual temperature was 3.9°C, and ranged from a mean of −11.3°C in January to a mean of 16.8°C in July (Figure 2a) . Precipitation was distributed unevenly throughout the year, with May to September accounting for 84.9% of the annual precipitation. Mean annual temperature and total precipitation increased significantly from 1958 to 2015 (Figure 2b and c). Total precipitation in 2012 (306.5 mm) was higher than the long-term mean (174.1) while total precipitation in 2013 (123.8 mm) was lower than the mean. Summer (JuneAugust) precipitation in 2012 was nearly five-times greater than in 2013, 241 vs 50 mm, respectively. In 2012, the mean temperature was 1.4°C lower than in 2013.
To quantify water deficit and drought severity, daily vapor pressure deficit (VPD) was calculated using daily temperature and relative humidity recorded at the Delingha meteorological station from 1958 to 2015 (Norman and Compbell 1998) . Results showed that the mean VPD in 2013 (0.67 kPa) was higher than in 2012 (0.55 kPa). This difference was greater in summer: summer VPD in 2013 reached 1.16 kPa, which was 2.8 SD higher than the long-term record (0.90 ± 0.09 kPa). In 2012, summer VPD was only 0.76 kPa, or 1.5 SD lower than the long-term record.
To test the climate variation along an altitudinal gradient, we used the mean air temperature and total precipitation recorded by nearby Dulan Physiology Online). Temperature and precipitation variation at Delingha, Wulan and Dulan was similar during 2001-15. Using simple linear regression, mean annual air temperature was estimated to decrease by 0.58°C per 100 m in elevation (R 2 = 0.72, P < 0.001). Although annual precipitation increased with the increasing altitude in the study region, no significant difference was found along altitudinal gradient during their common record period (P = 0.473).
Determination of cambial activity and wood formation
In 2012, five trees each were studied at two elevations, 3980 m and 3680 m. In 2013, we increased our effort to a total of five altitudes covering 3580-3980 m and a total of 25 trees (5 trees per plot). Seasonal wood development was monitored by taking microcores (2 mm in diameter and 20 mm in length) from five trees per altitude using a Trephor (Rossi et al. 2006a ). We initially randomly selected trees, but trees with stem or crown anomalies (damage) or obvious reaction wood were not selected to avoid growth responses that might be related to injury. Microcores were taken biweekly during JuneOctober in 2012 and May-September in 2013 and were sampled from the same trees during both study years. To avoid lateral influence of wound reactions on adjacent sampling positions, samples were taken on the slope-parallel side of the stem at breast height (1.3 m) and followed a spiral trajectory with a distance of 30 mm both in tangential and longitudinal directions over the course of the field season. Microcores were fixed in formalin-alcohol-acetic acid solution (mixing ratio: 90/ 5/5) immediately after collection. Microcores were softened in the laboratory using glycerin, dehydrated in ethanol and embedded in paraffin (Rossi et al. 2006a . Transverse sections 12 μm thick were cut with a rotary microtome (RM 2245, Leica Microsystems, Wetzlar, Germany), and stained with safranin (1% in water) and fast green (0.5% in 95% ethanol), observed and photographed under an optical microscope (bright field and polarized light) and then analyzed with the ImageJ software (Abràmoff et al. 2004 ).
Cells in the cambial zone had thin cell walls and small radial diameters. During cell enlargement, the tracheids contained protoplast and had thin primary walls, but their radial diameter was larger than that of cambial cells. Observations under polarized light helped us discriminate between enlarging and birefringent wall-thickening cells. Mature cells had lignified walls without protoplasts, and the walls were completely stained red. The onset of the wood formation was considered when at least one horizontal row of enlarging cells was detected. The end of wood formation was defined when all walls of the xylem cells in the currently formed ring were fully lignified and cells contained no plasma, which indicates maturity (Rossi et al. 2006b , Ren et al. 2015 . The duration of wood production was assessed according to the phase of cell enlargement, i.e., the period between onset and end of cell enlargement phase (Rossi et al. 2014 ). The dormant cambium, when no cell production occurred, constituted of four to five cells during the spring and autumn. When the number of cells in the cambial zone increased to six to eight, this represented the onset of cell division.
Statistical analyses
Cambium phenology was computed for the day of the year (DOY) corresponding to the (i) onset and (ii) end of cell enlargement phase, (iii) onset and (iv) end of cell wall-thickening phase, and (v) onset and (vi) end of cell wall lignification. In each tree, the number of radial cells in the cambial zone, enlargement phase, cell wall-thickening phase, and mature cells were counted along three radial rows (Deslauriers et al. 2003a) . Because cell number varies within the tree circumference, the number of xylem cells was standardized based on the total xylem cell number of the previous tree-ring width (Gruber et al. 2009 ):
where nc i is corrected xylem cells number, ncm i is measured xylem cells number, rw m is mean ring width of previous rings of Tree Physiology Online at http://www.treephys.oxfordjournals.org all samples and rw s is ring width of previous rings for each sample. For each developmental stage, differences across different transects were compared by analysis of variance (ANOVA) and Tukey's test. Before using ANOVA, all critical dates were tested for normality and equality of variance (Quinn and Keough 2002) . We wanted to investigate the relationship between tree growth and time in our samples and used the Gompertz equation to describe the relationship in view of its flexibility and asymmetrical shape (Deslauriers et al. 2003b , Rathgeber et al. 2011 . The dynamics of total xylem cell number were modeled with a Gompertz function using the nonlinear regression procedure included in the Origin software package (OriginLab Corporation, Northampton, MA, USA):
where Y represents the total number of xylem cells, t is the time expressed as DOY, A is upper asymptote, β is the x-axis placement parameter and κ is the rate of change parameter. The date of the inflection point (t p ), the corresponding maximum production rate (R max ) and the average rate of wood production (R mean ) were computed as
A regression was performed to assess the relationships between duration (Δt E ) and rate of wood production (R mean ) and the total number of cells (N cell ). We propose expressing N cell as a function of the R mean computed from the Gompertz function and Δt E computed from the observations:
The specific contribution of the two independent variables was determined by sensitivity analysis. This analysis consisted of computing the impact of the relative variations of the input variables (on the basis of their standard deviations) on the results of the model (Cariboni et al. 2007 , Rathgeber et al. 2011 ). All of the parameters above were calculated for each tree. To compare the tracheid production among all altitudinal locations, N cell , t p and R max were assessed by ANOVA and Tukey's test. Before using ANOVA, all critical dates were tested for normality and equality of variance.
Results
Cambial phenology along altitudinal gradient
The timing of cell differentiation phases differed across altitude in both 2012 and 2013 growing seasons (Table 2 and Figure 3 ). In 2012, we appeared to have missed the onset of wood formation; the cambium was already active during our first sampling on 13 June (DOY 167). In 2013, the onset of cell enlargement, corresponding to the onset of xylogenesis, increased regularly as elevation decreased. The onset of xylogenesis in 2013 differed by more than 1 month (33 days) and ranged from 9 May (DOY 129) at the lowest 3580 m to 11 June (DOY 162) at the highest 3980 m, a change of 8.2 days per 100 m in elevation (R 2 = 0.532, P < 0.001, n = 25, Figure 4a ). There was no significant difference in the end of cell enlargement phase among altitudes both in 2012 and 2013 growing seasons (P > 0.05, Table 2 and Figure 4b ). The end of cell enlargement phase among all altitudes occurred at the same time during the growing season, in mid-July in 2012 and at the end of June in 2013. 162 ± 6 a 180 ± 4 178 ± 6 a 195 ± 3 193 ± 9 a 226 ± 0 65± 6 a 10.1 ± 2.6 a 167 ± 4 0.29 ± 0.06 3880 154 ± 3 ab 175 ± 4 171 ± 0 ab 188 ± 0 184 ± 3 ab 226 ± 0 73± 3 ab 13.7 ± 0.8 a 165 ± 1 0.32 ± 0.04 3780 144 ± 6 abc 174 ± 3 163 ± 3 ab 185 ± 3 168 ± 3 bc 226 ± 0 83± 6 abc 14.1 ± 0.8 ab 160 ± 3 0.34 ± 0.07 3680 138 ± 8 bc 175 ± 6 166 ± 6 ab 185 ± 3 168 ± 6 bc 226 ± 0 89± 8 bc 19.4 ± 3.1 ab 155 ± 4 0.47 ± 0.07 3580 129 ± 3 c 171 ± 0 157 ± 0 b 180 ± 4 161 ± 3 c 226 ± 0 97± 3 c 24.2 ± 3.6 b 152 ± 4 0. Cell wall-thickening at lower altitudes started earlier than at higher altitudes in both years, with a 4.8-day delay in cell wall-thickening phase per 100 m as elevation increased (R 2 = 0.368, P = 0.001, n = 25, Figure 4c ) in 2013. Similar to our findings on the end of cell enlargement, there was no significant difference in cell wallthickening phase across altitudes; it ended in early August in 2012 and in early July in 2013 (Table 2 and Figure 4d ). In 2012, the onset of cell wall lignification occurred in early July and there was no significant difference in the onset of cell wall lignification over altitudes (P > 0.05, Table 2 ). In 2013, the onset of lignification varied from 10 June (DOY 161) to 12 July (DOY 193) and changed by 8.3 days for every 100 m in elevation (R 2 = 0.584, P < 0.001, n = 25, Figure 4e ). Narrower ranges were observed for the end of cell wall lignification (or end of the xylogenesis). No significant difference was found in end of cell wall lignification across altitudes in 2012 (P > 0.05). The end of cell wall lignification of each tree in each altitude in 2013, however, was found on the monitoring date of 14 August (DOY 226), indicating that wood formation ended at roughly the same time that year (Table 2 and Figure 4f ).
Durations of growing season and wood productions
The duration of wood production and wood formation in 2013 increased as altitude decreased. The duration of wood production varied from 23 days in highest plot (3980 m) to 42 days in lowest plot (3580 m) and changed by 6.2 days for each 100 m in elevation (R 2 = 0.513, P < 0.001, n = 25, Figure 5a ).
Similarly, the duration of wood formation ranged from 65 days in the highest plot (3980 m) to 97 days in the lowest plot (3580 m). The range of wood formation across altitude translates to a decrease of 8.2 days for each 100 m increase in elevation ( Figure 5b) . Use of the Gompertz model accounted for 85-99% of the variation in the number of xylem cells (Table S2 available as Supplementary Data at Tree Physiology Online). According to the Gompertz models, the date of the inflection point (t p ) occurred within the week of the summer solstice (DOY 166-172) across all altitudes in 2012 and, in 2013, 1-2 weeks before the summer solstice . No significant difference in t p was found across altitudes, although the t p had a decreasing trend as elevation decreased in both 2012 and 2013 (Table 2 ). The maximum growth rate (R max ) was not significantly different across altitudes in both years (Table 3 and Figure 5c ). The averaged R max ranged from 0.5-0.71 cell per day in 2012 and 0.31-0.47 cell per day in 2013 ( Table 2 ). The total number of xylem cells produced at the end of growing season (N cell ) varied along altitudinal gradient both in 2012 and 2013. In 2012, the N cell at the higher plot (3980 m) was significantly less than that in the lower plot (3680 m), with an average of 19.6 and 35.8 xylem cells in the higher and lower plot, respectively. Similarly in 2013, the N cell increased as altitude decreased, and ranged from 10.1 at 3980 m to 24.2 at 3580 m (Figure 5d ). The N cell was positively correlated with average rate (R mean ) and duration (Δt E ) of new xylem cell production. A reliable model was produced using total N cell , R mean and Δt E (F = 67.91, P < 0.001, n = 25). In fact, this model accounted for a large amount of variance (R 2 = 0.75, Figure 6a ). Sensitivity analysis of the model showed that N cell was influenced by R mean and Δt E . When the mean value of R mean was kept constant and Δt E was allowed to vary within a range of two standard deviations of its mean, the resulting N cell varied from 14.6 to18.8 cells, with a range of variation of 4.2 cells. In contrast, when Δt E was kept constant to its mean value and R mean was allowed to vary within two standard deviations of its mean, N cell varied from 10.7 to 22.5 cells, with a range of variation of 11.8 cells. Therefore, sensitivity analysis estimated the average effects of R mean and Δt E as 73.7 and 26.3%, respectively. From this analysis we found that N cell was substantially more sensitive to the R mean and only marginally sensitive to the Δt E (Figure 6b ).
Cambial phenology and wood formation between years
In comparing only the higher (3980 m) and lower (3680 m) plots between both years, the end of cell enlargement, wallthickening and lignification was~20 days,~30 days and~20 days earlier in 2013 than in 2012 in both the higher and lower plots, respectively (Table 3) . No significant differences in onset of wall-thickening and maturation, however, were found between the 2012 and 2013 in both plots (P > 0.05). A higher annual radial increment at the both altitudes was found in 2012 vs 2013. In fact, annual radial increment was 1.93 times greater in 2012 than 2013 in the higher plot and 1.84 greater in lower plot (Table 3) . Although no significant difference in t p was found between years at both plots (P > 0.05), the averaged t p in 2013 occurred earlier than in 2012 at both plots. Additionally, the R max in 2012 was significant higher than in the 2013 growing season at both plots.
Discussion
Impact of climate on the cambial phenology
Our research provided significant insight on the timing and drivers of the wood formation over an altitudinal gradient. Supporting our hypotheses, evidence indicates that temperature is the main trigger of cambial phenology and that both temperature and precipitation were factors of wood formation dynamics. However, there was no significant difference in the end of cell enlargement, wallthickening and lignification across altitude in 2012 and 2013, indicating that temperature appeared to have less influence on the end of wood formation than what might be expected. These findings support prior research by indicting that growth cessation is probably controlled by internal physiological mechanisms rather than the temperature (Moser et al. 2010 , Duchesne et al. 2012 ). However, cell enlargement, wall-thickening and lignification stopped significantly earlier in 2013 than in 2012 at both the lower and higher altitudes. In examining the climate record for our two study years, the growing season of 2012 June-August was wetter and cooler than 2013 (Figure 7 ). In fact, summer precipitation was 1.6 SD lower and VPD was 2.8 SD higher in 2013 vs the longterm record. The most parsimonious hypothesis for this observation is that the extreme drought conditions of 2013 summer led to an early cessation of wood formation.
The remainder of our observations fall within the line of previous work by other researchers: the onset of cell enlargement and corresponding onset of wood formation occurred later as elevation increased and temperature decreased, indicating that temperature might be the major trigger of the growth initiation of J. przewalskii. Many studies have pointed out that primarily warm temperatures before or in the early growing season affect cambial activity and cell enlargement, resulting in early onset of cambial activity and xylem differentiation under both artificially manipulated (Gričar et al. 2006 , Gričar et al. 2007 , Oribe et al. 2001 and natural conditions (Rossi et al. 2007 2008, Swidrak et al. 2011 , Gruber et al. 2013 . Even so, the opposite was reported by Ren et al. (2015) for the same tree species~180 km from the study area. They found that the onset of wood formation from 2009 to 2011 was controlled by precipitation. In our study, although a severe VPD occurred in 2013, the onset of cell wall-thickening and lignification of J. przewalskii was earlier than in 2012 both in higher and lower altitudes (Figure 7) , indicating that moisture availability appeared to have less influence on the initiation of cambial phenology than temperature. In the context of these works, it is likely that the variation in onset of wood formation observed in our study is mainly due to the effect of the thermal gradient across altitude. Our investigation indicates that the timing of the maximum growth rate (t p ) in J. przewalskii differed slightly across altitudes in both 2012 and 2013 (DOY 152-167) growing seasons. These findings generally follow prior work indicting that maximum growth rate of conifers is under environmental or endogenous control (Oberhuber et al. 2014 ). Tree Physiology Volume 38, 2018 Rossi et al. (2006b) and Duchesne et al. (2012) found that conifers in cold environments generally synchronize maximum growth rate of tree-ring formation with maximum day length. However, Oberhuber et al. (2014) suggested that a photoperiodic growth constraint was implausible for coniferous trees growing within the inner Alpine dry valley of the Inn River at low elevation sites (750 m a.s.l.) exposed to drought. Additionally, Gruber et al. (2010) observed the maximum cell production~4-6 weeks before the summer solstice in Pinus sylvestris L., suggesting that competition in carbon allocation hastened the timing of maximum wood production under drought stress. Consistent with these findings, maximum growth rates of the J. przewalskii we studied occurred 1-2 weeks earlier during the drought of 2013 summer than under wet conditions in 2012.
Space-for-time
The trend in temperature over altitude allows for an assessment on the mechanism of tree growth in response to future climate change. We found that the onset of wood formation and its duration in J. przewalskii decreased by 8.2 days per 100 m in elevation, corresponding to a change of 14.1 days°C -1 when adjusted with the monitored altitudinal lapse rate of −0.58°C per 100 m. If the temperature continues to rise at the same rate in the study region, the onset of wood formation in J. przewalskii might occur~1 month earlier by the 2060s. Rossi et al. (2016) reviewed 1321 trees belonging to 10 conifer species from 39 sites in the Northern Hemisphere and found that the period of wood formation lengthened linearly with the mean annual temperature at a rate of 6.5 days°C -1
. Our result represents a higher rate than the average conditions in the Northern Hemisphere, which suggests that the timing of wood formation of J. przewalskii is more sensitive to temperature. This might be an adaptation strategy of J. przewalskii to a cold climate in high elevation to avoid freeze damage to cambial cells. Such an adaptation might decrease the risk of mortality. We hypothesize that these results might be one of the reasons why J. przewalskii is the only tree species known to survive over 1800 years in the cold climate over the Third Pole. However, with just observation of five altitudinal transects in 1 year, our models are still tentative and more observations are needed.
Impact of climate on wood production
Growth rate and the length of the growth season are seen to be the major factors determining the number of xylem cells and wood production of J. przewalskii. We found that the rate of wood production was the main driver of total wood production, being nearly three times more important than duration. Meanwhile, we found that the duration of wood production or wood formation differed across altitude while there was no significant difference in growth rate across altitude, suggesting that altitude-associated temperature influences the durations of wood production or wood formation. The impact of temperature at altitude on growth rate, however, is not evident. Ren et al. (2015) found that the final number of xylem cells was mainly determined by the average production rate rather than the duration of new cell production in J. przewalskii. Similarly, Rathgeber et al. (2011) and Cuny et al. (2012) estimated that~75% of tree-ring width variability in northeast France, where climate is mild, continental and temperate with hot and dry summers, was attributable to the rate of wood production, while only 25% was attributable to the duration of wood production. These results are in contrast to the observation of Rossi et al. (2014) , however, who found the effects of the duration at 86% and rate of wood production at 14% in P. mariana in cold and humid forests of Quebec, Canada. These differences suggest that the radial growth strategies of trees vary under different growth environments. In dry climates, relatively wet conditions can speed up cambial activity and the rate of cell division, leading to a high wood production. Therefore, we hypothesize that precipitation can be more important than temperature on wood production in cold and arid regions.
Wood production and the associated growth rates in 2012 were significantly higher than in 2013. From our results, we hypothesize that the extreme drought of 2013 led to an early cessation of wood production (end of cell enlargement), wood formation (end of cell lignification), and a lower growth rate, resulting in a lower wood production. This is consistent with the response conditions of this tree species at the intra-annual scale (intra-annual radial growth) and inter-annual scale (tree-rings). Working near our study region, Ren et al. (2015) found that dry conditions prior to and during the early growing period showed limiting effects on tree growth. In the central Qilian Mountains, Wang et al. (2015) and He et al. (2016) found that the intra-annual radial increments of J. przewalskii were also significantly correlated to drought conditions. Similarly, dendroclimatological studies of J. przewalskii in our study region and other regions of NETP showed that tree-ring width has significant positive correlations with precipitation and indices of drought (Sheppard et al. 2004 , Liang et al. 2009 , Fang et al. 2010 , Shao et al. 2010 , Qin et al. 2013 , Gou et al. 2015a , 2015b . From these works, we can conclude that drought conditions during the growing season are the main factor determining wood production of J. przewalskii on the NETP.
We found that more than 70% of xylem cells during 2012 and 2013 were produced before early July, suggesting that the end of May to early July is the major period of radial growth for J. przewalskii (Figure 8 ). These findings match simulation modeling of J. przewalskii growth where it was found that precipitation largely determines the radial growth during the growing season, especially in May and June , Zhang et al. 2016 . Water availability might influence the wood production in two ways. One way is to indirectly influence the ability of cell division and enlargement by modulating the photosynthetic rate and carbohydrate sink (Hoch et al. 2003 , Zweifel et al. 2006 . Dividing cambium and differentiating xylem cells are considerable sinks of energy and are particularly demanding of sucrose (Hansen and Beck 1990, Tree Physiology Online at http://www.treephys.oxfordjournals.org 1994, Oribe et al. 2003) . Therefore, the sucrose assimilated in May and June plays an important role in the radial growth of trees. Supporting these findings, we previously found that the photosynthetic rate of J. przewalskii was significantly correlated with moisture availability (positively correlated with relative humidity and negatively correlated with VPD) in this period (Zhang et al. 2016) . The other way water availability might influence the wood formation is to directly participate in the cambial cell division and enlargement (Barbaroux and Breda 2002, Steppe et al. 2006 ). It appears that cell division and root and stem expansion are more sensitive to drought and impacted earlier than photosynthesis and metabolism under drought stress (Muller et al. 2011) . Therefore, early growing season water deficit might reduce the rate of cell division, resulting in a lower wood production and a narrow ring. Previous studies also found that early growing season (May and June) water shortage is the main reason for missing ring occurrence in J. przewalskii over the NETP (Qin et al. 2013) . Our findings support the idea that total wood production of J. przewalskii responds mostly to the early growing season drought conditions.
Conclusion
Temperature in the NETP is an important factor determining the beginning of the growing season and spring temperatures significantly modify the onset and duration of xylogenesis over altitude. Quantification of xylogenesis observations indicates that this relationship varies by 8.2 days for each 100 m increase in elevation, or 14.1 days°C -1 , along our study gradient. Meanwhile, amid the uncertainty of what controls the end of intra-annual wood formation, an extreme drought in 2013 summer revealed that moisture availability has the potential to control J. przewalskii growth regardless of elevation. Moreover, we found that the drought conditions in early growing season play crucial roles in wood production of J. przewalskii. Similar to our simulation studies (Zhang et al. 2011 (Zhang et al. , 2016 , increasing spring temperature and summer precipitation can lead to a higher growth rate and a longer growing season for J. przewalskii. The predicted changes in cambial phenology could significantly affect future wood production. Under the global warming and increasing precipitation, the future favorable growth conditions may enhance growth for this tree species over the cold and arid NETP, leading to a potential increase of local carbon sequestration.
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